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ABSTRACT: Temperature monitoring is extremely important 
during thermotherapy. Fiber-optic temperature sensors are pre-
ferred because of their flexibility and immunity to electromag-
netic interference. Although many types of fiber-optic sensors 
have been developed, it remains challenging for clinically 
adopting them. Here, we report a silica fiber-based radiometric 
thermometer using a low-cost extended InGaAs detector to de-
tect black body radiation between 1.7µm to 2.4µm. For the first 
time, this silica fiber-based thermometer is capable of measur-
ing temperature down to 35°C, making it suitable for seamless 
integration with current silica fiber catheters used in laser inter-
stitial thermotherapy to monitor hyperthermia during a surgery.  
The feasibility, capability, and sensitivity of tracking tissue 
temperature variation were proved through ex vivo and in vivo 
tissue studies. The technology is promising for being translated 
into clinics after further improving the signal to noise ratio. 
Temperature monitoring is essential for various applications, as 
such, a variety of temperature sensing methods have been devel-
oped1. Among them, fiber-optic temperature sensors have many 
unique features, such as flexibility, complete immunity to interfer-
ence from radio frequency(RF) and microwave radiation, intrinsic 
reliability in harsh and corrosive environments, etc2. In general, fi-
ber-optic temperature sensors can be categorized as structure-
based, material-based, or radiation-based sensors. Fiber Bragg 
Grating (FBG) sensors are popular structure-based fiber-optic tem-
perature sensors. FBGs are made by fabricating a fine volume grat-
ing in a fiber, and detect temperature related spectral shift3,4. 
Fluoroptic sensors are an example of material-based fiber-optic 
temperature sensors. The sensors are made by adding a fluorescent 
material on the tip of a fiber and detect temperature by measuring 
temperature induced fluorescence lifetime decay, spectral shift, or 
the intensity ratio from two different emission bands5,6. Pyrometer 
fiber sensors, a radiation based temperature sensor, can measure the 
black body radiation emitted from very hot surfaces (>300°C) 7,8. 
They are usually used in extremely harsh environments which other 
sensors cannot access. For detecting temperatures lower than 
100°C, pyrometer fiber sensors usually require special infrared fi-
bers to transfer blackbody radiation (BBR) at midrange infrared 
wavelengths (MIR, ~3µm - ~8µm)9–11. 
Temperature monitoring is extremely important during thermother-
apy in order to achieve effective and efficient treatment. Thermo-
therapy is a minimally invasive technique, which has been exten-
sively adopted for clinical practices12. In thermotherapy, energy, 
such as RF13, microwave14, or laser15,16, is delivered to diseased tis-
sues to heat and then kill them without damaging surrounding nor-
mal tissues. The fundamental mechanisms of thermotherapy have 
been attributed to apoptosis and necrosis17,18. Apoptosis is a pro-
grammed cell death pathway, which occurs in a tissue temperature 
range between 40°C-45°C without inducing significant inflamma-
tory activities. Necrosis occurs when tissue is heated to above 
50°C. The disruption of the plasma membrane and the release of 
intracellular contents may lead to inflammatory and immunogenic 
responses. Except for vaporizing tissue16, tissue temperature during 
thermotherapy is usually controlled between 40°C-80°C.  
Fiber-optic temperature sensors are immune to interference from 
electromagnetic radiation and are preferably used for monitoring 
tissue temperature during thermotherapy19. However, most fiber-
optic sensors are required to be in contact with tissues, except radi-
ation-based sensors. In addition, each of them has its own limita-
tions. FBG sensors are sensitive to strain and pressure induced by 
the motion of human body, such as respiratory movements, making 
clinical use challenging20. Fluoroptic sensors suffer artifacts due to 
self-heating when used during laser thermotherapy21,22. In princi-
pal, a radiation-based fiber-optic sensor is very attractive because 
it does not require contact with tissues. In particular, for laser inter-
stitial thermotherapy (LITT)23, the same fiber can be used for both 
delivering therapeutic laser energy to tissues and collecting the 
blackbody radiation emitted from the tissues to monitor tempera-
ture. This can make the system simple, compact, low-cost, and re-
liable. However, silica fiber, which is used to build the fiber cathe-
ter for LITT, cannot transmit BBR in MIW24, the wavelength range 
typically used for monitoring the temperature below 100°. There-
fore, a radiation-based fiber-optic sensor capable of measuring tis-
sue temperature down to 40°C using a silica fiber as the probe is 
required for LITT. 
In addition to fiber-optic temperature sensor, magnetic resonance 
imaging(MRI) thermometry has been recently translated into clin-
ics25,26. MRI thermometry can non-invasively provide tissue tem-
perature maps in 2D coregistered on MRI anatomy images, which 
enables sophisticated surgeries, such as treating epilepsy and glio-
blastoma through LITT27–29. In LITT, a therapeutic laser (10-12W) 
is delivered through a silica fiber to ablate targeted tissue under the 
guidance of MRI images and corresponding temperature maps29. 
Although, clinically, this strategy has shown very promising out-
comes, the FDA recently issued letters warning that MRI thermom-
etry may not be able to track tissue temperature variation in real-
time due to long MRI acquisition time of 8 seconds, resulting in 
under-treatment or over- treatment30–32. The key issue is that during 
the silent 8 seconds, surgeons are blind to the temperature variation 
of the targeted tissue. If a sensor can update the targeted tissue tem-
perature variation in real-time during two consecutive MRI temper-
ature maps, the surgery will be more controllable. A radiation-
based fiber-optic sensor is ideal for satisfying this requirement as 
no modification needed to the surgical fiber catheter side except 
adding BBR detection. In addition, surgeries under MRI guidance 
remain complex and costly, which may not be suitable for all 
cases19. For LITT, a fiber-optic temperature sensor, which can pro-
vide tissue temperature and be seamlessly integrated with a surgical 
fiber catheter, is desirable. 
With aforementioned unmet clinical needs, in this paper, we aim to 
develop a silica fiber-based temperature sensor, called hyperther-
mia measurable fiber radiometric thermometer (hmFRT), which 
can measure temperature down to at least 35°C through BBR de-
tection. 
   
Figure 1. Optimal wavelength range for BBR detection with a silica fiber. (a) The spectral transmission of a 2m silica fiber, a 0.5mm water layer, and the 
spectral responsivity of extended InGaAs detector. (b) BBRs calculated using Plank’s equation at 30ºC, 40ºC, and 50ºC and the BBR at 50ºC after passing 
through a 2m silica fiber and after passing through both a 2m silica fiber and a 0.5mm water layer.  
To be able to measure the BBR emitted from a subject and trans-
mitted through a silica fiber, we need to identify an optimum wave-
length range for detecting the BBR. Figure 1(a) shows the spectral 
transmission of 2m silica multimode (MM) fiber, where the trans-
mission is cut off at ~2.4µm24. It is possible that the targeted tissue 
will be covered with a thin layer of water, so we also plot the spec-
tral transmission of a 0.5mm water layer in Fig.1(a), in which the 
cutoff wavelength is ~2.5µm33. Figure 1(b) plots the BBR calcu-
lated with Planck’s law at three different temperatures, 30ºC, 40ºC 
and 50ºC. Based on the spectral transmission in Fig.1(a), we calcu-
lated the BBR at 50ºC after being conducted through a 2m silica 
fiber. As shown in Fig.(b), the maximum transmission is between 
~1.7µm – ~2.4µm peaked at ~2µm. If a 0.5mm water layer is 
added, the maximum transmission resides in two bands at ~1.8µm 
and ~2.15µm. For either of these cases, the optimum detection 
wavelength range is between ~1.7µm – ~2.4µm. Among all avail-
able photodetectors working at room temperature, the extended In-
GaAs detector has the maximum responsivity in this wavelength 
range as shown in Fig.1(a) compared with other infrared photode-
tectors, such as PbS or InAsSb34. Based on this analysis, we devel-
oped an hmFRT to detect BBR between ~1.7µm – ~2.4µm though 
a silica fiber with a low-cost extended InGaAs detector, and then 
verified its feasibility for thermotherapy applications. 
 
Figure 2. Experimental layout of the hyperthermia measurable fiber radiometric thermometer. Black body radiation was measured from three different 
setups as shown in the dash line box. A) Measured from a standard black body radiation source. B) Measured from heated 1% intralipid. C) Measured from 
a piece of heated tissue. For (B) and (C), the fiber probe was bound with a thermocouple.
Figure 2 shows a schematic diagram of the hmFRT system. The 
BBR was measured through a 2-meter silica fiber probe under three 
different cases, A, B, and C, as shown in the dashed-line box. For 
case A, a standard BBR source (Optris BR400) was used to cali-
brate the hmFRT at different temperatures in order to obtain a cal-
ibration curve. For cases B and C, the fiber probe was bound with 
a type K thermocouple probe (MacMaster) as shown in the photo 
in Fig.2. The bound fiber probe and the thermocouple were inserted 
into 1% heated intralipid (case B) to simultaneously measure the 
BBR signal and the temperature of the intralipid solution during a 
heating process. The 1% intralipid was used to simulate a tissue 
environment. To verify that the hmFRT can work in tissue, we fur-
ther tested the hmFRT by burying the bound fiber probe and the 
thermocouple into a piece of chicken breast. The tissue was treated 
with two heating and cooling cycles to test if the FRT can accu-
rately track the temperature variation during the process. The BBR 
was collected and transmitted through a 2m MM silica fiber with a 
core diameter of 600µm (Thorlabs, FP600ERT). Then the BBR 
was focused through a mechanical chopper (Stanford Research 
Systems, SR540), which modulated the BBR to 1.5kHz. A low-cost 
extended InGaAs detector (Thorlabs, DET10D2) with a spectral re-
sponsivity from 0.9µm to 2.6µm was used to convert the BBR to 
voltage signal. The detector worked in photovoltaic mode to keep 
the dark current at a minimum. The modulated BBR signal was am-
plified, demodulated, and filtered by a lock-in amplifier (Stanford 
Research Systems, SR530). The reference signal for demodulation 
was obtained from the optical chopper and the time constant of the 
lock-in amplifier was set at 1 second. After demodulation, the sig-
nal was digitalized with a USB data acquisition card (MyDAQ, Na-
tional Instruments). Simultaneously, the signal from the thermo-
couple was sampled as a reference of the true temperature for cases 
B and C by a USB-TC (National Instruments). We also calibrated 
the thermocouple with the resistance temperature detector associ-
ated with the standard BBR source. The software for data acquisi-
tion was developed with Labview (National Instruments).  
  
The hmFRT was first calibrated with a standard BBR source to 
quantify the relation between the true temperature and the meas-
ured BBR signal. We put the fiber probe in front of the BBR source 
at three different distances (~5mm, ~8 mm, ~12mm) and recorded 
the BBR signals at seven temperatures from 40°C to 74°C. The 
measured data are shown in Fig.2(a) as calibration 1-3. We see the 
BBR signals are insensitive to distance, which is consistent with 
previous theoretical studies that fiber radiometric thermometer is 
insensitive to the distance between a fiber end to a thermal sur-
face35. The mean values of the three measurements can be fitted by 
a power function very well as indicated by the correlation coeffi-
cient, R. Based on the fitted equation, the calibration equation to 
convert the BBR signal to the corresponding temperature is: 
𝑇(℃) = 𝐶 ∙ 43.118 ∙ 𝐵0.2412        [1] 
where B is the measured BBR signal in voltage (V) and C is a cor-
rection factor, where C=1 for case A when using a standard BBR 
source. A correction factor is needed as the calibration with the 
standard BBR source is conducted in air, while in real applications, 
this may not be the case. For example, the fiber probe may be in 
direct contact with tissue or in a cooling solution, in which Fresnel 
reflection from the interface between the silica and tissue and the 
emissivity of the tissue will be different from those during the cal-
ibration. 
As shown in Fig.1, the water absorption at 1.7µm and 2.2µm is 
much lower than that in long infrared range (3µm -10µm), the spec-
tral range typically used for thermal imaging. It is possible to sense 
the BBR signal with our method even when there is a thin layer of 
water, which may be used in surgeries as a cooling solution. There-
fore, we put a water filled cuvette with a thickness of 0.5mm be-
tween the fiber probe and the BBR source. We were able to detect 
the BBR signal down to 45 °C as shown in Fig.2(a). 
The temperature measurement accuracies of the hmFRT can be cal-
culated based on the standard deviations (std) of the measured BBR 
signals at different temperatures. With Eq.1, we are able to convert 
the BBR signal to a corresponding temperature. Assuming the con-
version between the BBR signal and the temperature is linear, 
which is true in a small range around the measured BBR signal, we 
can plot the measurement accuracies of the FRT at different tem-
peratures, shown in Fig.2(b). The accuracy is much better at higher 
temperatures (±0.4ºC at 74ºC), than at lower temperatures (±3ºC  at 
40ºC), because the BBR signal is significantly increased with the 
increase of the temperature resulting in a better signal to noise ratio. 
 
Figure 4. The BBR signal measured with the hmFRT and the temperature 
simultaneously measured with the thermocouple within 1% heated in-
tralipid. The measured BBR signal is converted to temperature with the cal-
ibration equation [1] obtained in Fig.2. 
We were able to test the performance of the FRT and obtain the 
calibration equation using the standard BBR source. However, dur-
ing thermotherapy, the fiber may be inserted into tissue. It is im-
portant to calibrate and test the hmFRT within a tissue phantom.  
We bound the fiber probe end with the thermocouple and immersed 
them in a 1% intralipid solution, in order to acquire both the BBR 
signal and the true temperature of the intralipid solution simultane-
ously. The intralipid solution was heated with a temperature-con-
trolled oven (Corning PC-4200). Figure 4 plots the variation of the 
BBR signal and the measured temperature from the thermocouple 
through one heating and cooling cycle from the room temperature.  
Although we sampled data every second, in Fig.4 for clarity, the 
BBR signal was plotted every 20s, while the temperature was plot-
ted every 100s. Then using Eq.1, we can convert the BBR signal to 
the corresponding temperature by multiplying by a correction fac-
tor C = 0.937. The correction factor was calculated by fitting the 
converted temperatures using Eq.1 to the measured temperatures 
using least squares minimization.  From Fig.4, with the correction 
factor, the BBR can track the temperature change well from ~ 35°C 
to ~68°C. The maximum measured temperature by FRT is limited 
by the maximum voltage level that can be measured by the DAQ 
card (10V).   
After calibrating the hmFRT within a phantom, the intralipid solu-
tion, we conducted an ex vivo tissue study where the fiber was bur-
ied in a chicken breast. As shown in Fig.2 case C, the fiber probe 
end and the thermocouple were buried into the tissue together, so 
we could verify that the FRT can track the temperature variation of 
the tissue. Figure 5 plots the variations of the BBR signal and the 
measured temperature of the tissue during two heating and cooling 
cycles, one slow cycle and one fast cycle. We then converted the 
BBR signal into the real temperature using Eq.1 and the correction 
factor, C = 0.937, obtained in the phantom study. The system can 
track the variation of the tissue temperature closely from ~ 35°C to 
~70°C similar to the results shown in Fig.3. The BBR signal was 
saturated at ~ 71°C, shown as a flat top in Fig.5. During the sharp 
temperature increase from the 38th minute to the 41th minute, the 
Figure 3. The hmFRT was calibrated three times with the standard black 
body radiation source. (a) The mean values of three measurements were 
fitted with a power function. In addition, a 0.5mm water layer was placed 
ahead of the fiber probe and the measured signals (boxes) are also plotted 
in the figure. (b) The standard deviation of the BBR signal was converted 
into the temperature accuracy using the calibration equation.  
 temperature increases by 30 ºC. The hmFRT is capable of tracking 
temperature change at 10ºC/minute. The inset photo in Fig.5 shows 
the tissue appearance after the two cycles of heating and cooling. 
In this study, we did not introduce an ablation laser beam to exactly 
simulate LITT. However, this study simulates the scenarios of tis-
sue ablation through RF ablation or microwave ablation. 
 
Figure 5. The BBR measured with the hmFRT and the temperature simul-
taneously measured with the thermocouple by inserting both into chicken 
muscle to simulate interstitial thermal therapy. The measured BBR is con-
verted to temperature with the calibration equation [1]. 
To further demonstrate the sensitivity of the hmFRT, we tried to 
measure the core body temperature of a volunteer. The fiber probe 
was placed into the mouth cavity of the volunteer and the BBR sig-
nal was recorded every 0.5s. Normally, human core body tempera-
ture is around 37°C. As shown in the gray box of Fig.6, the hmFRT 
can track the core body temperature well. The variation during the 
measurement can be attributed to the inherent noise induced by the 
electronic devices, including the detector, the lock-in amplifier and 
the DAQ, which is more significant at a lower temperature as 
shown in Fig.2(b).  
 
Figure 6. Black body radiation measured with the hmFRT by inserting the 
fiber probe into a volunteer’s mouth cavity. The measured blackbody radi-
ation is converted to temperature with the calibration equation obtained in 
Fig.2. 
We have demonstrated that the hmFRT can detect BBR emitted 
from a tissue at temperatures down to 35ºC using a 2m silica fiber 
as the transmission media. After calibration, the hmFRT can accu-
rately track tissue temperature change at a rate of 10ºC/minute. 
Such sensitivity and tracking ability show that hmFRT is promising 
for detecting two important hyperthermia temperature ranges, 40ºC 
-45ºC and 50ºC-80ºC, during thermotherapy. This feasibility has 
not been demonstrated before but open a new way to monitor tem-
perature in real-time during thermotherapy. Compared with the 
popularly used FBG and fluoroptic sensors, this radiation based 
hmFRT not only inherits the desirable features of fiber-optic sen-
sors but has several unique advantages. It can be seamlessly inte-
grated with current LIIT without adding any complexities to the 
surgical fiber catheter. The same fiber can be used for both treat-
ment and temperature sensing by simply adding a lock-in detection 
system at the detection end. In addition, the hmFRT can measure 
temperature without direct contact with the tissue, which could be 
very important for applications where the therapeutic fiber is en-
capsulated in a protection sheath29. Furthermore, temperature sens-
ing can be combined with endoscopic optical imaging, such as op-
tical coherence tomography, by using a dual cladding or a dual core 
fiber to acquire both images and a tissue surficial temperature 
map36. 
Currently, the major limitation for the hmFRT demonstrated here 
is that the signal to noise ratio (SNR) may not be sufficient for real-
time sensing and high accuracy measurements at lower tempera-
tures, such as 40ºC. Usually, during thermotherapy, the accuracy of 
temperature measurement should be between 1-2 ºC, while cur-
rently hmFRT at 40ºC is around ±3ºC due to very low BBR signal 
at low hyperthermia temperatures. A 10dB SNR improvement may 
be required to increase the accuracy. For many clinical applica-
tions, such as in conjunction with MRI thermometry, it is important 
to be able to update temperature at every 0.1s, which requires an-
other 10dB SNR improvement based on current 1s time constant 
set in the lock-in amplifier. Technically, a 20dB-30dB SNR im-
provement is possible. In our current setup, the BBR is only mod-
ulated at 1.5kHz. Therefore, the SNR suffers flicker noise. By im-
proving the modulation frequency to above ~100kHz, we can ex-
pect ~10dB SNR improvement37. A low-cost extended InGaAs de-
tector at room temperature was used here. The SNR could be fur-
ther improved by using a cooled detector34.  In addition, all optics 
used here were not optimized for the wavelength range between 
1.7µm- 2.4µm. The optical transmission and coupling efficiency of 
detection can be further improved if optimized components used. 
Therefore, it is feasible to build a hmFRT system to sense temper-
ature down to 40°C at a high temporal resolution by optimizing the 
system. 
In this paper, we show that the optimal wavelength range for de-
tecting BBR using a silica fiber as transmission media is between 
1.7µm- 2.2µm. Based on this analysis, we have built an hmFRT 
system. Though ex vivo and in vivo tissue studies, we demonstrated 
that hmFRT can measure tissue temperature down to 35ºC and is a 
promising technology for monitoring hyperthermia during thermo-
therapy. This technology enables the possibility of using a single 
fiber for both treatment and temperature sensing during LITT. The 
hmFRT could also be a solution to the challenges faced by LITT 
for treating epilepsy and glioblastoma due to the slow updating rate 
of MRI thermometry.  
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